Introduction
The tip, are mounted on the guide blocks and the thrust blocks, forming a cubic cavity, within which a cubic solid-medium samplefurnace assembly is to be compressed (Fig.2) . A hydraulic ram acts vertically to push the guide blocks together, forcing the six anvils to advance simultaneously toward the center. Four vertical gaps between the anvils provide easy access to the incident and diffracted X-rays, as well as thermocouple leads. The DIA has been widely used in synchrotron related studies and descriptions of the geometry and technical improvements can be found in numerous publications [5] [6] [7] [8] [9] . The second pressure tooling is a two-stage split-cylinder apparatus. The inner (second) stage consists of eight tungsten carbide cubes, each with one comer truncated into a triangular face, forming an octahedral cavity within which a solid-medium sample-furnace assembly is compressed. The entire cubic assemblage (octahedron in eight cubes) is in turn compressed by a set of wdges made by splitting a steel cylinder into six pieces, each with a squareshaped truncation, forming a cubic cavity. In order to have sufficient X-ray access, notches are made in the first stage wedges, with a pre-defined two-theta limit (Fig.3) . Details of the design, testing, and performance of this apparatus is given by [10] .
This so-called 6/8 geometry has been used extensively in the past at laboratories for ex-situ experiments and has generated a wealth of high P-T data, ranging from synthesis [11] , phase equilibrium [12, 13] , to physical property measurements such as diffusion [14] , ultrasonic [15] , and stress and rheology [16, 17] . A review of various cell designs for these applications is given by [18] . This geometry has recently been tested successfully for insitu X-ray studies at NSLS [ 10] and Daresbury [19] with different diffraction configurations. A third configuration is an octahedron-in-cubes 6/8 second-stage assembly compressed in a DIA (6/8 in DIA). With sintered diamond anvils, this geometry has generated pressures and temperatures up to 40 GPa and over 2000 K [20, 21] .
In addition to the above "hydrostatic" pressure tooling, a design concept is in circulation with some modifications to the DIA.
With two differential hydraulic rams added in the guide blocks, the top and bottom anvils can be driven independently at a given pressure, allowing controlled deformation experiments. This tooling will make it possible to perform deformation experiments with the use of X-ravs and with controlled strain or strain rate.
For every pressure tooling, guide blocks are mounted inside a die set so that the entire tooling can be transferred from one experimental station to another. This design decouples the tooling from the hydraulic presses, allowing various tooling to be used in any press at any time. This versatile design allows researchers to tackle experimental problems with the most suitable pressure tooling. In addition, as the 6/8 tooling is widely used in multi-anvil laboratories all over the world, scientists from various laboratories can develop and transfer their preferred cell assembly designs for X-ray studies at GSECARS.
The Hydraulic Presses
A 2.5 MN (250 metric ton) four-post hydraulic press is installed at the BM beamline (13-BM-D). At the ID beamline, a 10 MN (1000 metric ton) press is installed at the end station 13-ID-D. This press is specially designed for X-ray applications to minimize stress level, weight, and physical size. Two-and three-dimensional finite element analyses (FEA) indicate that the "window-frame" geometry (Fig.4) is the best among various choices. Maximum stress is normally near the inner comers of the opening (point 7 in Fig.4 ). Detailed FEA resulted in a composite radius design: a small-radius curve followed by a larg-radius curve with continuous tangent at the joining point. The larger radius curve connects tangentially with the vertical line (Fig.4) . At 10 MN load, effective stress (von Mises stress) for this composite radius design is 105 MPa at point 7. For comparison, effective stress of a conventional single-radius frame is 145 MPa at the same point and it requires more steel for the vertical portion of the frame. Thus, by optimizing the geometry, we have achieved a near 40% reduction in stress concentration with less weight. In fact, in our optimized design, the maximum effective stress (130 MPa) is not at the comers, indicating that there is no stress concentration (Fig.  4) . With the use of steel A357, class II (yield strength 380 MPa), the press has a safety factor of 3:1 to yield. Independent metallurgical evaluation indicates that with low sulfur content (<0.010%), brittle fracture is not a concern for steel A357. Actual press uses steel with sulfur content <0.005% (Lukens Fine Line 5). Fatigue analysis indicates that even at the highest stress level of 130 MPa, fatigue will not occur for about 10 million cycles.
A remarkable development has been achieved at CHiPR, Stony Brook with miniaturized 6/8 pressure tooling. With the T-10 (using 10 mm WC cubes), pressures of 23 GPa have been reached with only 1.2 MN force [10] . This pressure range is comparable to the maximum pressure routinely reached using large multi-anvil systems with large presses. This achievement invites the possibility of developing very small presses for the MAS . There are several important advantages to the miniature systems. (1) Smaller systems are much less expensive, as the cost for each component generally increases geometrically with physical size. This applies to both the press and the positioning table. (2) As more laboratories can afford these smaller systems, many technical developments can be carried out at one's home institution before traveling to a synchrotron source. This will significantly increase efficiency in using the high energy photons. (3) Traditional multi-anvil systems were designed without mobility considerations. The mobility of the smaller MAS makes it easy to be transported to various synchrotron sources, or from station to station within a synchrotron source, to take advantage of their unique beam characteristics. 
Press Positioning Device
Each press is held by a positioning device, which consists of a support base, linear guide rails, and ball-screw actuators for precision motion control in three orthogonal directions and a small rotation about the vertical axis. Position repeatability is 1-2 gm. Figure 6 shows the design concept for the 2.5 MN press. The press is mounted in a cradle, which is positioned by a kinematic mount on top of a support structure. For the 10 MN press, a more rigid structural design is required, which is achieved by employing high load capacity linear and radial ball-bearing guide rails. Optical encoders are used for both systems to maintain high positioning accuracy.
Detection System
Both energy-dispersive and monochromatic experiments will be carried out in various pressure tooling. A detector support is thus designed to hold a variety of detectors, including single-and multi-element solid-state detectors for energy-dispersive, and point counter, imaging plate, and CCD for monochromatic experiments. Given the high brilliance of the third-generation synchrotron radiation, data collection time is at least 100 times faster at the APS ID beamline than that at the most brilliant superconducting wiggler beamlines of second-generation sources. With focusing mirrors, an additional gain of two orders of magnitude can be achieved. With such a brilliant source, an hour long data collection at second-generation sources bacomes minutes or even seconds. This permits monochromatic diffraction in the high-resolution, high collimation, fast step-scan mode with an analyzing crystal. Our detector support system will allow high-quality powder diffraction data to be collected in various pressure tooling. Multi-anvil devices have the advantages of large sample volume ranging from millimeter sized sample to the high pressure end and with centimeter sized samples at low pressure end, stable temperatures under pressure, and negligible pressure and temperature gradients. These features allow endless modifications in the sample assembly to perform a wide variety of experiments. The advantage of being able to sweep over a given P-T range is shown in Fig. 9 , which shows the P-T path during a single experiment [22] . Each temperature can be maintained stable for hours or days to allow various types of in situ measurements. The maximum attainable P and T have some trade-off and are ever expanding. The following is but a few examples of the type of research that can benefit with in situ studies using synchrotron X-rays.
Phase Relations
Traditional phase relation studies are based on quenched samples. Pressures are calibrated using fixed points, which were mostly referenced at room temperature.
Large uncertainties are associated with these calibrations, due primarily to the effects of thermal expansion and mechanical relaxation associated with heating of the cells. In addition, effects of kinetics, non-hydroostatic stresses, and Clapeyron slopes of the transitions also affect the accuracy of pressure determination. A reliable pressure measurement using known standards will allow a much more precise determination of phase relations at high P and T [23] . Coupled with kinetics measurements, the degree to which the measured phase boundaries deviate from equilibrium can be assessed. Non-quenchable phases can be identified and studied in-situ. The compatibility of this MAS system with those in laboratories without X-ray access means that researchers can use their preferred sample cells at the GSECARS facility, or have their cells calibrated against known pressure standards, thereby improving precision and accuracy in quench experiments.
High-Resolution Crystallography
The large sample volume makes it possible to minimize preferred orientation in a powdered sample, thus optimizing counting statistics. However, majority of the previous multi-anvil, highpressure work was in energy dispersive mode, partly due to the fact that a step scan would take several hours with a second-generation synchrotron source [24] . Two dimensional detectors have been used, especially imaging plates (IP) [25] . However, as the X-rays pass through a number of parts in the sample cell, diffraction peaks of these materials may interfere with those of the sample, because of poor ofcollimation.
With a much more brilliant beam at the 13-ID beamline, the time can be reduced by a factor of 100 to 1000, thus allowing fast monochromatic step-scans in seconds. With step-scan (with a crystal analyzer) or a 2D detector, high-resolution monochromatic powder data can be obtained at simultaneously high P and T, to discover new phases and study P-T effects on cryttal chemistry. Non-quenchable phases can be studied in-situ. Amorphous materials as well as melts can also be studied. [26] . In a typical setup, a lead screen with an adjustable slit is installed before the IP, which can be translated behind the screen. The exposed plate gives a complete record of a sample undergoing a phase transition or chemical reaction.
Equations of State
With high-temperature to relax grain-to-grain level nonhydrostic stresses and minimize strength of the pressure medium directly adjacent to the sample, P-V-T measurements have reached unprecedented volume accuracy of a few hundred ppm [22] . Greater pressure and temperature coverage will be provided by the new pressure tooling at GSECARS. More importantly, simultaneous measurements of density and acoustic velocities will allow determination of an absolute equation of state [27] . These pressurevolume-velocity-temperature (P-V-Vp-Vs-T) measurements will also bring a new accuracy level in pressure scales.
Rheology
Conventional deformation experiments are limited to low pressures (about 2 GPa). With synchrotron radiation, strength and its time dependence of minerals can be measured under pressure and temperature conditions corresponding to the Earth's transition zone (-15 GPa and 1500 °C). These data have been used to deduce rheological properties of earth materials [28] . Current state-ofthe-art measurements, however, are using energy dispersive technique with stress level resolution above 0.1 GPa [28, 29] . With monochromatic diffraction, the resolution will be improved to about 100 MPa, a level comparable to typical stress drops of large earthquakes. The deformation DIA will allow experiments with controlled strain rate or differential stress. 
Other Novel Exepriments

Conclusions
Any multi-anvil experiment is better done with an in-situ probe.
Because of the solid media used, the best probe is synchrotron Xradiation.
The MAS facility at GSECARS is the first dedicated large-volume pressure system in the US for synchrotron use.
Through collaborative efforts, this facility is designed to meet various users' needs and will be able to allow researchers to concentrate on solving scientific problems by providing appropriate laboratory and technical support. In addition to the scientific goals, the compatibility of the MAS at GSECARS with others worldwide allows various pressure cell designs be developed at different times and places; these cells can be calibrated consistently and through the efforts of new pressure scales, future pressure determinations will be more accurate.
The GSECARS laboratory is a national user facility, providing earth scientists an opportunity to apply state-of-the-art X-ray techniques to their research problems. Access will be granted based on proposals submitted to a scientific review panel consisting of other earth scientists. Beam time will be allocated according to a competitive ranking by the review panel. Time can be allocated over multiple visits, distributing experimental runs over a few year period therefore allowing the same projects to build on previous experience.
